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Open access under the ElsThe prevalence of the endosymbiontWolbachia pipientis and its effects on mitochondrial genetic diversity
were analyzed in natural populations of Drosophila willistoni, a neotropical species recently infected. Total
infection rate was 55% and no evidence was found that theWolbachia infection decreased the diversity of
mtDNA.Wolbachiawas seen to be associated with different mitochondria, suggesting multiple horizontal
transmission events and/or transmission paternal leakage of mitochondrial and/or Wolbachia. These
hypotheses are evaluated in the context of the present study and other research.
 2011 Elsevier Inc. Open access under the Elsevier OA license. Wolbachia pipientis is an intracellular symbiont bacterium
responsible for one of the major infections in invertebrates, affect-
ing arthropods and ﬁlarial nematodes. Empirical studies have esti-
mated that 20% of insect species are infected (Werren et al., 1995a;
Werren andWindsor, 2000), though meta-analyses have estimated
the number as high as 66% (Hilgenboecker et al., 2008). This endo-
symbiont is predominantly transmitted as a maternal inheritance.
Horizontal transfer (HT) also occurs, and most evidence currently
available is based on the phylogenies ofWolbachia strains that nev-
ertheless are incongruent with the relationships recovered for host
species (O’Neill et al., 1992; Rousset et al., 1992; Werren et al.,
1995b).
In Drosophila,Wolbachiamay cause cytoplasmic incompatibility
(CI) and death of males (Riegler and O’Neill, 2004), which leads to
sex ratio distortions. CI induction increases the frequency of in-
fected females in host populations (Riegler and O’Neill, 2007).
The ecological relationship Wolbachia has with hosts may initiate
with parasitism, rapidly progressing into mutualism (Riegler
et al., 2005; Weeks et al., 2007). However, under certain conditions
Wolbachia may bring ﬁtness beneﬁts to the host (Dean, 2006;
Hedges et al., 2008).de Genética, Instituto de
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ller).
evier OA license. An example of a recent Wolbachia infection is the neotropical
species Drosophila willistoni, belonging to a cluster of six cryptic
species called willistoni subgroup. D. willistoni is the most widely
distributed species of the cluster, spreading from northern Argen-
tina to southern USA (Florida) and Mexico (reviewed in Ehrman
and Powell, 1982; Cordeiro and Winge, 1995). D. willistoni lines
collected before the 1970s were not infected by Wolbachia, though
all continental lines, ranging from Mexico to Uruguay collected in
the 1990s and thereafter harbor aWolbachia strain called wWil, re-
lated to the wAu strain detected in Drosophila simulans (Ballard,
2004; Miller and Riegler, 2006).
Since Wolbachia is co-inherited with mitochondria, natural
selection acting over the bacterium will also affect mitochondria.
Depending on the infection context, this hitchhiking effect may in-
crease or decrease mitochondrial genetic diversity (Keller et al.,
2004; Dean et al., 2003; Shoemaker et al., 2003). In a comparative
analysis of 12 Drosophila mitochondrial genomes, Montooth et al.
(2009) revealed that the molecular evolutionary pattern is purify-
ing selection. Therefore, a positive selection could be the effect of
the association with endosymbionts. In this sense, the study of
Wolbachia dynamics in recently infected populations represents
an excellent opportunity to estimate infection prevalence and to
assess effects on mtDNA evolution in host species populations.
Here, Wolbachia infection prevalence is evaluated in natural D.
willistoni populations of the Atlantic Forest biome, southern Brazil.
The effect of the infection on mitochondrial haplotypic diversity is
also assessed.
Table 1
Location, number of Drosophila willistoni individuals with different Wolbachia infection status, Cytochrome Oxidase Subunit I (COI) haplotypes, haplotype and nucleotide diversity















Pontal do Paraná (1) 10 3 1, 4 7 1, 12 0.511 0.00089 30
Guaratuba (2) 9 6 1, 9 3 10, 11 0.583 0.00281 66.6
Laguna (3) 8 6 1, 9 2 9, 14 0.464 0.00181 75
Maracajá (4) 11 3 1 8 1 – – 27.3
Torres (5) 9 4 1, 5, 7, 8 5 1, 4, 6 0.833 0.00259 44.4
Osório (6) 10 8 1, 2, 3, 4, 13 2 1 0.756 0.00142 80
São João do Polêsine
(7)a
3 3 15 0 – a a 100
Total 60 33 10 27 8 0.700 0.00204 55
N = specimen number.
The numbers in brackets correspond to the collection sites labeled in the map shown in Fig. 1.
a Excluded from molecular diversity analysis due to small sample size.
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sites corresponding to the municipalities São João do Polêsine
(2939008.9400S, 5331043.7400W), Osório (2953008.2000S,
5016039.8100W), and Torres (2922033.300S, 4945069.200W), (in the
state of Rio Grande do Sul), Maracajá (2850016.500 S,
4924045.600W) and Laguna (28 24056.000S, 4847047.000W), (state
of Santa Catarina) and Guaratuba (2551012.400S, 48 33073.800W)
and Pontal do Paraná (2533033.200S, 4833027.000W), (state of
Paraná).
Genomic DNA was extracted from one single ﬂy according to
the non-phenolic protocol by Gloor et al. (1993). PCR reactions
were run in a 25-lL volume using 1 lL of the DNA to amplify Cyto-
chrome Oxidase I (COI) and 2 lL forWolbachia Surface Protein (wsp),
with 12.5 lL of the PCR Master Mix 2X (Fermentas, Lithuania)
(0.05 U/lL Taq DNA polymerase, 10X buffer, 4 mMMgCl2, 0.4 mM
of each dNTP), 1 lL of each primer (20 lM each) and ultrapure
water to the ﬁnal volume. The primers used were TY-J-1460 50-
TACAATCTATCGCCTAAACTTCAGCC-30 and C1-N-2329 50-ACT-
GTAAATATATGATGAGCTCA-30 (Simon et al., 1994) to amplify anFig. 1. (A) Map showing location of collection sites of Drosophila willistoni specimens. F
indicate the name of the site as given in Table 1. The pie charts next to each dot indicate
Wolbachia and (B) median-joining network of mtDNA (COI) Drosophila willistoni haplotyp
frequency; number of individuals is indicated in circles. Wolbachia infected individual
mutation steps.approximately 950-bp fragment of the mitochondrial gene COI.
Temperature cycles were: 5 min 95 C, 35 cycles of 94 C for 40 s,
55 C for 40 s and 72 C for 1 min, then 72 C for 3 min.
PCR screening for Wolbachia infection was conducted using the
primers Wsp-F 50-TGGTCCAATAAGTGATGAAGAAACTAGCTA-30 and
Wsp-R 50-AAAAATTAAACGCTACTCCAGCTTCTGCAC-30 (Jeyaprakash
and Hoy, 2000), which amplify an approximately 600 bp fragment
of the gene wsp. Cycling conditions were 95 C for 2 min, followed
by 35 cycles of 94 C for 1 min, 55 C for 1 min and 72 C for 1 min,
then 72 C for 5 min. A negative (ultrapure water) and a positive
control (Drosophila melanogaster Oregon line that is infected by
Wolbachia) were included in both reactions. PCR products were
electrophoresed on agarose gels 1% stained with ethidium bromide
and visualized under UV transillumination.
Amplicons were submitted to puriﬁcation and direct sequenc-
ing in Macrogen (Macrogen Inc., Seoul, Korea). Each sample was se-
quenced from both directions. Quality of the chromatogram was
evaluated using the Chromas Pro 1.5 software (http://www.techn-
elysium.com.au). Sequence identity was obtained by comparison oflags indicate the GPS points (coordinates given in the text). Number next to ﬂags
the proportion of the sample that was infected (gray) and uninfected (white) with
es. Circles represent different haplotypes; diameters are proportional to haplotype
s (gray); uninfected individuals (white). Bars in the branches refer to number of
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BLASTn program (NCBI, available online). Sequence alignment was
carried out using the ClustalW tool, Mega 5 software (Tamura et al.,
2011) and edited with the BioEdit software (Hall, 1999). Consensus
sequences were analyzed using the DnaSP 5.19 software (Librado
and Rozas, 2009) to calculate nucleotide and haplotype diversity.
Molecular analysis of variance (AMOVA) and neutrality tests were
calculated using the Arlequin software (Schneider et al., 1999). An
intraspeciﬁc phylogeny of COI haplotypes was inferred using the
network algorithm median-joining in the Network program (Ban-
delt et al., 1999).
In the alignment of 60 partial COI sequences were observed 19
polymorphic sites along 751 bases, all corresponding to silent
mutations, resulting in the formation of 15 mitochondrial haplo-
types (for GenBank accession numbers see Supplementary mate-
rial). Table 1 shows the number of D. willistoni specimens from
each location analyzed, the COI haplotypes, genetic diversity esti-
mates and Wolbachia infection status.
Of the 60 individuals tested, 33 (55%) were positive and 27
(45%) were negative for Wolbachia infection. Infection frequencies
varied between populations but there was no discernible geo-
graphical pattern (Fig. 1A). The partial sequence of the wsp gene
was identical in 33 amplicons, corresponding to the sequence ob-
served in strains wWil and wAu.
This ﬁnding differs from the observations by Miller and Riegler
(2006), who suggested that Wolbachia would be ﬁxed in continen-
tal D. willistoni populations. Nevertheless, it should be stressed that
samples analyzed by those authors were composed mostly by lab-
oratory strains. As previously described for D. melanogaster, there is
polymorphism for infection rates in natural populations (Hoff-
mann et al., 1994).
The relationship between mitochondrial haplotypes and the
association with Wolbachia is shown in Fig. 1B. Haplotype C1 is
ancestor of the other haplotypes, is the most frequent total, and
is shared across all samples (except for the sample collected in
São João do Polêsine). Wolbachia was observed to be associated
to 10 of the 15 mitochondrial haplotypes generated. Yet, haplo-
types C1, C4 and C9 were detected in both infected and uninfected
individuals. The chi-square analysis showed no statistical differ-
ence between infected and uninfected in C1 and C4 haplotypes.
However, statistically signiﬁcant difference was found for haplo-
type C9 (P < 0.02). This haplotype was the most frequent in places
where it was sampled (Guaratuba and Laguna) and this may be re-
lated to this deviation to a greater number of infected.
The highest haplotype diversity was found in the Torres sample,
while the lowest was seen in the Laguna sample. AMOVA revealed
that 70.63% of variation occurs within populations and 39.98% be-
tween populations. The star network arrangement, with several
rare haplotypes (C3, C5, C6, C7, C8, C10, C11, C12, C13 and C14)
and the low nucleotide diversity indicate populational expansion
(Mirol et al., 2008). Analyses of neutrality tests of Tajima D
(1.82193, P < 0.05) and Fu and Li F (3.52798, P < 0.02), also sup-
port this scenario. In this sense, the unimodal pattern of the Mis-
match distribution curve (data not shown), together with sum of
squares (0.0212) and Raggedness index (0.1644) do not afford to
rule out this hypothesis (P = 0.38).
There are no clear signs that Wolbachia infection decreased
mtDNA diversity in these natural D. willistoni populations. The
Osório sample showed an infection prevalence of 80%, and is
the sample with the second highest haplotype diversity
(Hd = 0.756). As for the sample with the lowest Wolbachia prev-
alence, only one haplotype was observed. The effect of Wolbachia
on mitochondrial genetic diversity may be weak due to the fact
that (i) infection is recent, (ii) reproductive parasitism occurs at
low levels or is absent and (iii) Wolbachia is associated to differ-
ent mitochondria.The association of Wolbachia to different mitochondria may be
the result of an ancient vertical transmission carrying divergent
COI nucleotide sequences. However, in this scenario the divergence
in the wsp should also be expected. Since infection in D. willistoni is
recent, a ﬁnding conﬁrmed by the lack of polymorphism in the wsp
marker (Miller and Riegler, 2006), multiple HT events and/or pater-
nal leakage of mitochondrial and/or Wolbachia may explain the
association of Wolbachia to different mitochondria haplotypes. D.
willistoni was infected by HT with wAu-like variant probably do-
nated by species of the American Neotropical saltans group. (Miller
and Riegler, 2006). The occurrence of another HT event should not
be ruled out. The hypothesis of paternal leakage of mitochondrial
(Sherengul et al., 2006) does not seem robust enough to explain
the shufﬂing of Wolbachia and mitochondrial lineages, due to the
fact that no peak competition was observed in the chromatogram
of direct COI sequencing, which may suggest heteroplasmia. On
the other hand the occurrence of paternal leakage of Wolbachia is
possible, despite being a rare phenomenon in Drosophila (Serbus
et al., 2008). The search for Wolbachia in parasitoids associated to
neotropical drosophilid assemblages may reveal which species
are potential HT vectors possibly involved in the continental scale
infection of D. willistoni.
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